Abstract. MicroRNAs (miRNAs or miRs) are small (19-23 nt) non-coding RNA molecules that are endogenous regulators of gene expression. Previous studies have found that some miRNAs are related to the progression of ischemia in the cerebral artery. Furthermore, a recent study found a significant association between miRNA single nucleotide polymorphisms (SNPs) and the risk of ischemic stroke. Therefore, it may be valuable to investigate associations between megakaryocyte formationrelated miRNA polymorphisms and the prevalence of ischemic stroke. We thus conducted a case-control study of 1,000 individuals who were screened for 4 miRNA polymorphisms (miR-34a rs6577555C>A, miR-130a rs731384C>T, miR-150 rs73056059G>A and miR-155 rs767649T>A) by PCR-RFLP analysis. The study population comprised 596 patients with ischemic stroke and 404 control subjects without any history of neurological disorders. We observed associations between miRNA polymorphisms and individual stroke subtypes. The miR-150 polymorphisms were significantly associated with ischemic stroke subgroups, such as left anterior descending artery (LAD) disease [GG vs. AA: adjusted odds ratio (AOR), 1.922; 95% confidence interval (CI), 1.003-3.681] and cardioembolism (GG vs. AA: AOR, 2.996; 95% CI, 1.293-6.939). Additionally, Cox proportional analysis indicated that the miR-150GA genotype was associated with survival in patients with ischemic stroke [adjusted hazard ratio (HR), 2.063; 95% CI, 1.142-3.727; P= 0.017] and with the LAD subgroup [adjusted HR, 3.021; 95% CI, P=0.008]. Our findings suggest that miR-150 polymorphisms may contribute to the development of ischemic stroke and may potentially act as biomarkers to predict the risk of ischemic stroke. To the best of our knowledge, this is the first study to evaluate the association between miRNA polymorphisms (miR-34aC>A, miR-130aC>T, miR-150G>A and miR-155T>A) and ischemic stroke.
Introduction
Stroke is the second most common cause of mortality worldwide (1) , and approximately 84% of these deaths are caused by ischemic stroke (2) . In South Korea, stroke is the second most frequent cause of death after cancer and is more prevalent than heart disease. Stroke has well-known risk factors, including hypertension, diabetes mellitus, advanced age, smoking, hyperlipidemia, hyperhomocysteinemia and a thrombophilia event in blood vessels (1, 2) . A number of different diseases can cause ischemic stroke. The most common source of ischemic stroke is arterial occlusion in the head, usually caused by atherosclerosis, gradual cholesterol deposition or thrombosis (3, 4) . Blood vessel occlusion is primarily caused by thrombosis (53% of cases) or embolism (31% of cases) (5) . Thrombus formation can be caused by excessive platelet generation (6) , and the association between platelets and ischemic stroke has been widely studied (7) (8) (9) . Platelets are involved in both normal hemostasis and thrombosis (10) . They are formed in the cytoplasm of megakaryocytes (MKs), their precursor cells, located in the bone marrow (11) .
MicroRNAs (miRNAs or miRs) are a class of small (19-23 nt in length), endogenous non-coding RNA molecules that are endogenous physiological regulators of gene expression (12) . miRNAs efficiently control gene expression by binding 3'-untranslated regions in mRNAs to downregulate their protein expression (13) . miRNAs play important roles in a number of physiological and pathological processes, including metabolism (14) , hematopoiesis (15) and immune function (16) . Moreover, previous studies have indicated that temporal miRNA regulation may be related to the progression of ischemia in the cerebral artery (17, 18) . Furthermore, a recent study found a significant association between miRNA single nucleotide poly-morphisms (SNPs) and the risk of ischemic stroke (19) . As has been previously reported by Edelstein et al (20) , as regards the regulated function of megakaryocytopoiesis, various miRNAs play a crucial role in this process, as well as in platelet biogenesis. Therefore, it may be valuable to investigate associations between MK formation-related miRNAs, such as miR-34a, miR-130a, miR-150 and miR-155 (20, 21) , and the prevalence of ischemic stroke.
In this study, we investigated the associations between 4 miRNA polymorphisms (miR-34a rs6577555C>A, miR-130a rs731384C>T, miR-150 rs73056059G>A and miR-155 rs767649T>A) and the risk of ischemic stroke in a Korean population.
Subjects and methods
Subjects. The study population comprised 596 patients with ischemic stroke (mean age ± SD: 63.67±10.42 years, 254 males, 342 females). Ischemic stroke was diagnosed based on rapidly developing neurological symptoms with a concurrent acute infarction, documented by brain magnetic resonance imaging (MRI). In addition, 404 control subjects were included (mean age ± SD: 63.66±10.47 years, 173 males, 231 females). The patients were enrolled by consecutive referral between July 1, 2000 and February 28, 2008 in the Neurology Department at CHA Bundang Medical Center (Seongnam, South Korea). The control subjects were recruited from patients who visited the hospital for a routine health examination. The exclusion criteria for the control sujbects were as follows: a family history of stroke or experiencing non-specific dizziness, non-organic headaches, or anxiety during the enrollment period. All control subjects underwent some form of brain imaging (~75% MRI), and no organic cerebral lesions were observed. The subjects were interviewed to collect clinical information regarding demographic data and vascular risk factors. Subjects with a previous history of cerebral hemorrhage or those with incomplete medical histories were excluded from this study. The patients with ischemic stroke were classified into 3 subgroups as follows: 202 patients had left anterior descending artery (LAD) disease, 143 had small-vessel disease (SVD) and 57 had cardioembolism (CE); 194 patients had an undetermined etiology.
Ischemic stroke was defined as a stroke (characterized by rapidly developing clinical symptoms and signs of focal and/or global brain function loss) with evidence of a cerebral infarction in clinically relevant areas of the brain based on a brain MRI. Based on clinical manifestations and neuroimaging data, two neurologists classified ischemic stroke into 3 etiological subtypes using the criteria from the Trial of Org 10172 in Acute Stroke Treatment (TOAST) clinical trial as follows (22) : i) subtype 1: LAD, an infarct lesion of ≥15 mm in diameter, as determined by an MRI, and significant (>50%) stenosis of a major brain artery or a branch cortical artery, as determined by cerebral angiography, with symptoms associated with that arterial territory; ii) subtype 2: SVD, an infarct lesion of <15 mm, but >5 mm in diameter, as determined by an MRI, and classic lacunar syndrome without evidence of cerebral cortical dysfunction or a potentially detectable cardiac source for the embolism; and iii) subtype 3: CE, arterial occlusions presumably due to a heart-originated embolus, as detected by cardiac evaluation. We measured clinical parameters, including hypertension, diabetes, hyperlipidemia, homocysteine levels, folate levels, vitamin B12 levels, cholesterol, platelet (PLT) count, PT, prothrombin time (PT), activated partial thromboplastin time (aPTT), fibrinogen levels, antithrombin levels, BUN levels and uric acid levels based on previously described methods (23, 24) .
Genetic analysis. Genomic DNA was extracted from blood leukocytes using the G-DEX blood extraction kit (Intron Inc., Seongnam, Korea). The 4 most well-studied SNPs in the miRNAs were determined by a documentary search which included promoter region SNPs (miR-34a rs6577555C>A, miR-130a rs731384C>T, miR-150 rs73056059G>A and miR-155 rs767649T>A). All SNP sequences were obtained from the HapMap database (www.hapmap.org) and dbSNP≈(www. ncbi.nlm.nih.gov/projects/SNP/). Nucleotide alterations were determined by polymerase chain reaction (PCR)-restriction fragment length polymorphism (RFLP) analyses using the isolated genomic DNA as a template. PCR for the miR-34a rs6577555C>A polymorphism was performed using the following primers: 5'-CCT GGT TAA CAT AGC CAG AGC-3' (forward) and 5'-GCA GAC ATG CTG ACT TTT CAA-3' (reverse). DNA was amplified over 35 cycles (denaturation at 95˚C for 30 sec, annealing at 56˚C for 30 sec, and extension at 72˚C for 35 sec). The PCR products were digested with the BanII restriction endonuclease (New England Biolabs, Beverly, MA, USA) at 37˚C for 16 h and detected using 3.5% agarose gel electrophoresis. The primer sequences used to detect the miR-130a rs731384C>T polymorphism were 5'-GAT GCT CAG TCC TCA AAG AAC A-3' (forward) and 5'-TGA GGC CTA GAG CTC TGC TTT AT-3' (reverse). DNA was amplified over 35 cycles (denaturation at 95˚C for 30 sec, annealing at 58˚C for 30 sec, and extension at 72˚C for 35 sec). The PCR products were digested with NlaIII (New England Biolabs) at 37˚C for 16 h and were visualized using 3% agarose gel electrophoresis. The primer sequences used to detect the miR-150 rs73056059G>A were 5'-GTT CCT GCC AGA GGA AGT G-3' (forward) and 5'-CCT CTG GAG TCC ACA CTC CAT-3' (reverse). DNA was amplified over 35 cycles (denaturation at 95˚C for 30 sec, annealing at 60˚C for 35 sec, and extension at 72˚C for 40 sec). The products were digested with BccI (New England Biolabs) at 37˚C for 16 h and detected using 4% gel electrophoresis. The primer sequences used to detect the miR-155 rs767649T>A polymorphism were 5'-CCT GTA TGA CAA GGT TGT GTT TG-3' (forward) and 5'-GCT GGC ATA CTA TTC TAC CCA TAA-3' (reverse). DNA was amplified over 35 cycles (denaturation at 95˚C for 35 sec, annealing at 56˚C for 30 sec, and extension at 72˚C for 35 sec). The PCR products were digested with Tsp45I (New England Biolabs) at 37˚C for 16 h and visualized using 3% agarose gel electrophoresis.
Statistical analysis. Clinical characteristics were compared using the Student's unpaired t-test. Associations among ischemic stroke and the 4 miRNA genotypes were estimated by calculating the odd ratios (ORs) and 95% confidence intervals (CIs) using the Fisher's exact test. Adjusted ORs (AORs) for the miRNA polymorphisms were determined using multiple logistic regression analysis based on gender, age, diabetes mellitus, hypertension, hyperlipidemia and smoking. The genotype distribution for each polymorphism was assessed for Hardy-Weinberg equilib-rium deviations and genotype and allele frequency differences between groups were assessed using χ 2 tests. A value of P<0.05 was considered to indicate a statistically significant difference. Stratification analysis was used to distinguish stroke subgroups based on the size of the occluded vessel. One-way analysis of variance (ANOVA) was performed to compare the mean homocysteine concentration levels among different genotypes. Stats Direct Statistical Software (version 2.4.4; StatsDirect Ltd., Altrincham, UK) was used to calculate the adjusted OR and 95% CI. Survival curves were created using Cox proportional hazards regression, and the significance of differences between groups was assessed using the log-rank test. Cox regression models were used to analyze the independent prognostic importance of various markers, and results were adjusted for age, gender, diabetes mellitus, hypertension, hyperlipidemia and smoking. Hazard ratios (HRs) are presented with the 95% CI. We also performed in silico analysis to identify potential transcription factor binding sites in miRNA promoter regions using Alibaba 2.1 (Grabe 2002) , an online bio-informatics tool.
Results
The demographic characteristics and clinical variables of the ischemic stroke and control groups are shown in Table I . When comparing the ischemic stroke group with the control group, the stroke patients had a significantly higher incidence of hypertension and diabetes, significantly higher homocysteine and fibrinogen levels, and significantly lower folate levels and aPTT (all P<0.05) ( Table I) .
We investigated 4 miRNA polymorphisms, miR-34a rs6577555C>A, miR-13 0 a rs731384C>T, miR-150 rs73056059G>A and miR-155 rs767649T>A, and their associations with ischemic stroke. All the observed polymorphism frequencies were consistent with the Hardy-Weinberg equilibrium. However, we could not find any polymorphism frequency differences between the ischemic stroke and control groups (Table II) . Once the ischemic stroke group was stratified into subgroups and analyzed, we observed associations between miRNA polymorphisms and individual stroke subtypes. LAD was significantly associated with the miR-150GA genotype (GG vs. AA: AOR, 1.922; 95% CI, 1.003-3.681). CE was also significantly associated with miR-150 (GG vs. AA: AOR, 2.996; 95% CI, 1.293-6.939) (these values are shown in bold in Table II ). However, these differences dissipated once the P-value was adjusted for false discovery rate (FDR) ( Table II) . The miR-34aC>A, miR-130aC>T, and miR-155T>A polymorphisms did not differ significantly between the stroke patients and the control subjects.
We performed stratified analyses according to age, gender, hypertension, diabetes mellitus, hyperlipidemia, smoking, folate levels and homocysteine levels. The miR-34aCA+AA genotype exhibited elevated prevalence in subjects who were ≥63 years of age (AOR, 1.443; 95% CI, 1.010-2.062), of the female gender (AOR, 1.459; 95% CI, 1.026-2.076) and who were non-diabetic (AOR, 1.360; 95% CI, 1.013-1.827). The miR-150GA+AA genotype also exhibited elevated prevalence in patients with hyperlipidemia (AOR, 6.060; 95% CI, 1.358-27.04) (Table III) .
Combined gene-environment analyses revealed several genotypes that were associated with clinical factors related to the risk of ischemic stroke. The miR-34aCA+AA genotype exhibited elevated stroke prevalence in subjects with hypertension (AOR, 3.088; 95% CI, 2.089-4.566), hyperlipidemia (AOR, 1.570; 95% CI, 1.010-2.443), smokers (AOR, 1.651; 95% CI, 1.023-2.665) and those with high homocysteine levels (Table IV) .
We then performed allelic combination analyses using the multifactor dimensionality reduction method comparing the ischemic stroke patients and the control subjects (Table V) ------------------------------------------------------------------------------------------- Table VII) .
The association between the miRNA polymorphisms and ischemic stroke patient survival is shown (Figs. 1 and 2) . Cox proportional analysis indicated that the miR-34aCA genotype was significantly associated with survival in the SVD subgroup (CC vs. CA, P=0.016) (Fig. 1A) , (CC vs. CA+AA, P=0.019) (Fig. 1B) . The miR-150GA genotype was associated with survival in the LAD subgroup (GG vs. GA, P=0.009) (Fig. 2) . We then investigated the promoter binding site for the miR-150 polymorphism.
Discussion
In this study, we selected a few potentially relevant miRNA SNPs, miR-34a rs6577555C>A, miR-130a rs731384C>T, miR-150 rs73056059G>A and miR-155 rs767649T>A, and investigated their association with ischemic stroke in a Korean population. We found that the miR-150G>A polymorphism may be associated with a susceptibility for LAD and CE ischemic stroke. In the gene-environment interaction analysis, the miR-150GA+AA genotype combined with hyperlipidemia or smoking exhibited a significantly higher prevalence of ischemic stroke. In the allelic combination analysis, the A-A allele (miR-34aC>A and miR-150G>A) significantly increased ischemic stroke prevalence overall. In particular, subjects with the miR-150A allele exhibited a marked increase in ischemic stroke incidence, whereas subjects with the miR-150G allele had a decreased prevalence of ischemic stroke. These data were confirmed in combination analysis, where the miR-150GA genotype also exhibited an increased prevalence of ischemic stroke. The miR-150GA genotype was also associated with a high adjusted HR in the survival analysis in both the overall ischemic stroke patients and the LAD and CE subtypes. Additionally, subjects with the miR-150GA genotype had significantly higher platelet counts. miRNAs play crucial roles in a number of physiological and pathological processes, including neurodegenerative diseases (25) , epigenetics (26, 27) , coronary artery disease (28) , metabolism (14) , tumorigenesis (29, 30) , angiogenesis and colonization (31) . miRNAs play roles in oncogenesis, heart disease and nervous system function. It has been suggested that miRNAs may be used as biomarkers for cardiovascular diseases, including coronary artery disease, stroke, acute myocardial infarction and heart failure (17,32-34). miR-34a regulates the myeloblastosis transcription factor MYB (35) ; miR-130a regulates V-maf avian musculoaponeurotic fibrosarcoma oncogene homolog B (MAFB) (36) ; miR-150 regulates c-MYB (37); and miR-155 regulates V-Ets avian erythroblastosis virus E26 oncogene homolog-1 (ETS-1) and Meis homeobox-1 (MEIS-1) (38) . Previous studies have reported that these genes contribute to suppressing megakaryocytopoiesis and megakaryocyte differentiation (36, 39, 40) . MKs are platelet precursors, and excessive MK differentiation results in abnormal platelet production. Studies have been carried out investigating the causal association between increased platelets and ischemic stroke risk (41) (42) (43) .
We then searched for transcription factors that could potentially bind the miR-150 promoter near the rs73056059G>A nucleotide. For the A allele, we found an additional transcription binding site for LyF-1 and YY-1, which could alter miR-150 levels (44) . Transcription factor YY1 is associated with increased promoter activity (45) (46) (47) ; therefore, we hypothesize that miR-150 expression is increased by YY1 in subjects with an A allele. Supporting this hypothesis, we performed an ANOVA, which indicated that the miR-150GA genotype had higher platelet counts than the GG type. However, we were unable to directly measure promoter activity for each miRNA polymorphisms in the present study.
This study has several limitations. First, it is not yet clear which genetic polymorphisms predict the ischemic stroke phenotypes. This study population included only Korean individuals, and our findings need to be validated in other ethnic groups. Second, the patient population included in the subgroup analyses was relatively small. Future studies would need to include >1,000 individuals from an ethnically homogeneous population. As Koreans have a low degree of interracial marriage, this should be sufficient to provide reliable data. Third, the controls included in our study were not subjected to stringent inclusion criteria, as the enrollment rate was relatively low compared to that of stroke patients. Therefore, we could not clearly identify the casual effects of vascular risk factors in these subjects. Lastly, our results cannot be extrapolated to other ethnic groups, as racial variations in the allelic frequency could produce different results.
In conclusion, in this study, we identified a significant association between the miR-150G>A polymorphism and ischemic stroke in Korean individuals. This study demonstrates that the miR-150GA genotype occurs at a higher frequency in stroke patients, which suggests that miR-150 may play a role in the prevalence of ischemic stroke. Therefore, our findings suggest that miR-150 polymorphisms may contribute to ischemic stroke and may potentially act as biomarkers for the diagnosis and the risk of ischemic stroke. To the best of our knowledge, this is the first study to evaluate the association between miRNA polymorphisms (miR-34aC>A, miR-130aC>T, miR-150G>A and miR-155T>A) and ischemic stroke in a Korean population. Therefore, further studies on miRNA polymorphisms in other racial or ethnic populations are required in order to fully elucidate their role in the risk of ischemic stroke.
